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Abstract 
Wastewater containing fluoride requires polishing after lime precipitation treatment in order to meet stringent environmental 
legislation. In the present study, coagulation is used as a post-treatment method.  The experimental results indicated that 
aluminium salts were more efficient than iron ones. Increasing aluminium concentration results in a significant reduction in 
fluoride. The removal efficiency strongly depends on solution initial pH. The optimum operating initial pH was found to be in the 
range of 6 to 7. Concentrations lower than standard limits were obtained. In addition, increasing initial fluoride concentration 
leads to high residual fluoride concentration. It was also found that fluoride removal was not significantly affected by chloride, 
sulphate and nitrate co-existing anions, while carbonate anions had a negative effect on fluoride removal. Defluoridation
mechanism using aluminum sulfate was investigated, thanks to sludge characterization by SEM/EDAX, XRD and FTIR 
techniques. 
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1. Introduction  
The photovoltaic cell manufacturing process generates large amounts of hazardous wastes, including organic 
solvents, acids, salts, fine suspended oxide particles, etc. The management of these wastes has become an important 
issue in this industry. 
Among these pollutants, high levels of fluoride are present in the wastewater generated from the process 
operations [1]. 
The discharge of such wastewater into the surface water would lead to the contamination of groundwater. Long-
term drinking of water containing high fluoride content can result in mottling of teeth, softening of bones, 
ossification of tendons and ligaments and several neurological damages in severe cases [2,3]. 
Due to its high toxicity, industrial wastewater containing fluoride is strictly regulated. The current discharge 
standards for wastewater containing fluoride vary from country to country. For instance, US EPA recently 
established a discharge standard of 4 mgL-1 for fluoride from wastewater treatment plant. Beijing is working toward 
this standard value, although the national fluoride discharge standard for industrial wastewater is 10 mgL-1 in China 
[2]. Japan recommends a value below 5–15 mgL-1, which varies from one prefecture to another. Poland legislation 
recognizes discharge standard of 25 mgL-1. In India, the standard varies from 1.5 to 10 mgL-1. Algeria and Taiwan 
recommended 15 mgL-1 [3-5]. 
The most commonly used way to remove fluoride ions from wastewater is to form calcium fluoride (CaF2) by 
adding excess of lime or other calcium salts [6]. The lime reacts with fluoride in the wastewater to produce calcium 
fluoride. CaF2 has a theoretical solubility of 8 mgL-1 fluoride at stoichiometric concentrations of calcium. Thus, 
concentrations of CaF2 above the solubility limit will form a precipitate. 
It has been found that the wastewater treated according to the precipitation process still contains high 
concentration of dissolved fluoride. Usually the concentration of fluoride in the treated wastewater can reach 20 to 
100 mgL-1.
Consequently, another defluoridation process must be performed after calcium precipitation to remove residual 
fluoride.  
Depending on the discharge standards of industrial wastewaters, a polishing step may be necessary. In this step, 
the fluoride-containing water was usually passed through columns of different adsorbents, such as activated 
alumina, metal oxide, aluminium phosphate, ion exchanging resins, poly-aluminum chloride, or fly ash [2]. It may 
be also treated by chemical addition. Membrane process such as reverse osmosis, nanofiltration, electrodialysis and 
Donnan dialysis were also recently investigated to reduce fluoride concentration in water [7]. 
Among the potential separation technologies, coagulation is arguably one of the most suitable techniques for 
polishing wastewater streams, especially after precipitation process. Furthermore, this technique is relatively low in 
cost, robust and environmentally benign. 
The coagulation process proves a high removal efficiency of different parameters, mainly chemical oxygen 
demand (COD) and suspended solids (SS). The process is based on the use of Al(III) or Fe(III) salts alone or in 
combination with the use of polymers as flocculants. Coagulant doses vary in a wide range like 150–600 mgL-1 and 
250–2000 mgL-1 of Al2(SO4)3.18 H2O (alum) used for treatment of domestic  and industrial wastewaters, 
respectively, while 20–60 mgL-1 of alum was applied as the proper interval for drinking water production [7]. 
Although this method is currently used but the exact nature of the involved phenomena in this system are not 
entirely clear at the present time. 
The particular objective of the present study was the investigation of the effects of various physicochemical 
parameters such as coagulant nature and concentration, initial pH, initial fluoride concentration and the presence of 
coexisting anions on fluoride removal from aqueous solutions generated by the photovoltaic processing industry. 
Furthermore, characterization by SEM/EDAX, XRD and FTIR would provide key clues for removal mechanism.
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2. Experimental 
2.1. Materials and methods 
2.1.1. Chemicals  
The stock solutions used in this study were prepared with reagent-grade chemicals and reverse osmosis (RO)-
deionized water. Standard acid and base solutions (0.1N H2SO4 and 0.1N NaOH solutions) were prepared for pH 
adjustment. 
Fluoride stock solution was prepared by dissolving 2.21 g of anhydrous sodium fluoride (99.0% NaF, MERK) in 
1000mL deionized water in volumetric flask. Standard solutions at a required concentration range were prepared by 
appropriate dilution of the stock solution. 
2.1.2. Procedure 
A series of coagulation experiments was carried out for studies by jar tests. The jar test was conducted with a 
timed adjustable speed mixer type Floculateur 11198 (Bioblock Scientific) consisted of six 1-L glass jars, by adding 
predetermined amounts of A12(SO4)3.18H20 into a 500 mL of synthetic solution. The mixed liquor was firstly stirred 
and the pH value was adjusted to a desired level using above mentioned acidic and alkaline solutions. After mixing 
rapidly at a speed of 200 rpm for 60 s, the mixed liquor was slowly stirred at the speed of 60 rpm for another 30 
min, followed by 30 min of quiescent settling. After settling, 10 mL sample of the clear solution was taken and 
filtered through a 0.2 µm filter in order to measure the final fluoride concentration.  
2.2. Chemical analysis 
     A selective ion sensor electrode (PF4L from Tacussel (Lyon)) was used to determine the fluoride concentration, 
according to the standard method given by American Public Health Association [8]. To prevent the interference 
from other ions (Al3+, Fe3+ ,Cu2+ ,Ca2+ ...), the total ionic strength adjustment buffer (TISAB II) solution containing 
CDTA (cyclohexylenediaminetetraacetic acid, Orion Research Inc.) was added to samples. 
The pH values were determined by using Sension1 pH meter (HACH), while conductivity was measured by a 
conductivity meter model 4071 (JENWAY) 
Environmental scanning electron microscopy (SEM) Philips (type ESEM XL30 FEG) combined with energy 
dispersive spectroscopy of X-rays (EDAX) are used to characterize sludge. SEM pictures were taken at 10 kV at 
various magnifications.  
The X-ray diffraction (XRD) analysis of the coagulation by-products were carried out with a Bruker AXS D4 
Endeavor diffractometer operating with a Cu Kα  radiation source and filtered with a graphic monochromator (λ = 
1.5406 °A). 
Fourier transform infrared spectroscopy (FTIR) was performed using potassium bromide pellets. Infrared 
analysis was carried-out with Perkin Elmer paragon 1000 spectrum RX and the results were obtained with OMNIC 
software.  
3. Results and discussion 
3.1. Effect of coagulant nature and concentration on fluoride removal 
Wastewater physico-chemical treatment is currently led by use of coagulants based on aluminium and iron salts. 
Accordingly, defluoridation experiments were carried out by these two types of coagulants; ferric sulfate and 
aluminum sulfate.  
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The effects of coagulant nature and concentration at fixed initial fluoride concentration of 50 mg L−1 and initial 
pH 6 are shown in Fig 1. It is clear that coagulant, based on aluminum cations, is more efficient than iron one. With 
ferric ions the decrease of concentration is not significant, even at high concentrations. A residual fluoride 
concentration of 40.03 mgL-1 was recorded for Fe3+ concentration of 20mM.   
This can be interpreted by the fact that the affinity between fluoride and Fe(OH)3, which is the prevalent form in 
these pH conditions, is much smaller than that of Al(OH)3 [2,9]. 
This is in agreement with previous works which let conclude that in terms of chemical coagulation, aluminum 
ions are, in most cases, more effective than ferric or ferrous ions [10]. Furthermore, aluminum salts are preferred to 
ferric salts as coagulant due to the color that ferric ion transfers to water [11]. 
In addition, it can be observed that coagulant amount had an effect on residual fluoride. Increasing aluminum 
dose results in decreasing final fluoride concentration. In fact, using  a concentration of 5mM allows reaching a 
residual fluoride concentration of 9.45 mgL-1 which is below the permissible limit of 15 mg L−1 [4] and with a 
concentration of 10 mM a value of 2.23 mgL-1 may be reached. Further additions substantially reduced residual 
fluoride concentrations in solutions.  
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Fig. 1. Effect of the coagulant nature and concentration on residual fluoride; initial fluoride concentration, 50mg/L; initial pH,6. 
3.2. Effect of initial pH on fluoride removal 
The coagulation is physico-chemical process which is highly dependent on the pH of the solution [12]. The effect 
of pH on fluoride removal by alum was studied over the pH range of 5–9 with coagulant dose of 10mM and initial 
fluoride concentration 50 mgL−1. As it can be seen in Fig 2, maximum fluoride removal was observed at pH 6-7, 
while with acidic and alkaline values, fluoride removal decreases.  Residual concentrations in these media are above 
standard limit. They were 20.2 and 23.52 mgL-1 for pH 5 and pH 9, respectively. Aluminum hydroxide precipitate 
being predominant at pH 6-7, this result let us suggest that Al(OH)3 is the main responsible of fluoride removal. 
The Al(OH)3 floc is believed to adsorb F- strongly and the formation of this precipitate is optimal in pH range of 
6-7 [12]. The decrease of fluoride removal, under acidic conditions, can be attributed to both insufficient aluminium 
hydroxide precipitate Al(OH)3 amount  and also the formation of hydrofluoric acid HF. Hydrofluoric acid HF is  a 
weak acid (pKa=3.15), the bond fluorine–hydrogen is relatively strong which results in  incomplete HF dissolution 
[6]. While high residual fluoride concentrations, under alkaline conditions, are most likely due to dissolution of 
aluminium hydroxide according to the following reaction [13]: 
  Al(OH)3+OH-→Al(OH)4-                                                                                                           (1)                                                                    
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The pH of the medium plays a significant role on fluoride removal. It will affect the speciation of aluminum and 
it will have a significant influence on the defluoridation mechanism. Under pH 6, dissolved aluminium species such 
as Al3+, Al(OH)2+ and Al(OH)2+ are prevalent and aluminium hydroxide is tended soluble. However, above pH 9, 
soluble Al(OH)4- is found to be the predominant species. The strong presence of the hydroxy-aluminium in the pH 
range of 6-8, maximizes defluoridation [2,14,15]. 
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Fig. 2. Effect of initial pH on fluoride removal; [Al3+ ],10mM; initial fluoride concentration, 50mg/L. 
3.3. Effect of initial concentration on fluoride removal 
Depending on silicon wafer treatment process, fluoride-containing wastewaters would have several fluoride 
contents. The effect of initial concentration on fluoride removal was studied at different initial fluoride 
concentrations by keeping other parameters constant; coagulant concentration of 10 mM and initial pH 6. 
Concentrations between 10 and 100 mgL-1 were tested. Results are shown in Fig 3. It can be observed that with 
increase in initial fluoride concentration, the removal of fluoride decreases. For a given coagulant amount, 
adsorption capacity increases for low concentrations because there are more available adsorption sites for fluoride 
ions [13]. While at higher fluoride concentration, the binding capacity of the aluminium hydroxide approaches more 
and more saturation, resulting in decrease of removal. 
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Fig. 3. Effect of initial concentration on fluoride removal; [Al3+], 10mM; initial pH,6. 
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3.4. Effect of the nature and the concentration of co-anions on fluoride removal 
Fluoride-contaminated wastewater contains several other anions which are often present in wastewater of 
photovoltaic cell manufacturing plants. To study the effect of interfering anions, coagulation tests were carried out 
in the presence of different concentrations ranging from 1.5 to 20 mM of sodium salt solution of Cl−,SO42-, NO3−and 
CO32-, separately. The effect of these coexisting anions on fluoride removal is shown in Fig  4. 
It can be inferred that there is no significant change in fluoride removal in presence of chloride, sulphate and 
nitrate in the studied range. However, carbonate has a negative effect which is more pronounced by increasing anion 
concentration. For 1.5 mM of carbonate, final fluoride concentration was 7.24 mg/L, whereas for 20 mM it was 
31.87 mgL-1.  
It has been demonstrated that carbonate has strong affinity to Al(OH)3. The reduction in fluoride removal 
observed in the presence of CO32− may be due to competition for adsorption sites on aluminium hydroxide from this 
anion and fluoride anion. A similar interfering role on fluoride removal by the carbonate ion was reported in the case 
of defluoridation property of activated alumina [7, 16, 17]. 
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Fig. 4. Effect of the nature and the concentration of co-anions on the fluoride removal; [Al3+],10 mM; initial fluoride concentration, 50mg/L; 
initial pH,6. 
3.5. Characteristics of sludge 
In order to study the mechanism of fluoride removal during the use of aluminum salt, the composition of the 
produced sludge was studied using different characterization methods such as SEM/EDAX, XRD and FTIR.
In literature two main mechanisms for fluoride removal were proposed, adsorption and co-precipitation [18]: 
Adsorption on Al(OH)3:  
  Aln(OH)3n(s)+mF-(aq)→AlnFm(OH)3n-m(s)+mOH-(aq)                                                                           (2)                                               
Co-precipitation:  
   nAl3+(aq)+(3n-m)OH-(aq)+mF-(aq)→AlnFm(OH)3n-m(s)                                                                        (3)                                                                     
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3.5.1. Scanning electron microscopy and energy dispersive X-ray 
SEM photographs of produced sludge in absence and presence of fluoride are presented in Fig 5. The difference 
in the surface morphology of these samples clearly confirms the fluoride removal on aluminium hydroxide based 
sludge. 
Energy-dispersive analysis of X-rays (EDAX) was used to analyse the elemental constituents of formed sludge. 
EDAX spectra results in Fig 6 and in complementary tables (Table 1 and Table 2) showed formed sludge in 
presence of fluoride was composed of elements such as Al, O, Na, S and F. This analysis confirmed that fluorides 
were entrapped by aluminum hydroxide.  
Fig. 5. SEM images of formed sludge in absence (a) and presence (b) of fluoride ions; initial fluoride concentration, 50mg/L; initial pH,6; 
[Al3+],10mM. 
Fig.6. EDAX spectra of formed sludge in absence (a) and presence (b) of fluoride ions;  initial fluoride concentration, 50mg/L; initial pH,6; 
[Al3+],10mM. 
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Table 1. EDAX element percentage of formed sludge in absence (a) of fluoride ions. 
Element Wt % At % 
 O  51.22 62.91 
 Na 28.45 24.31 
 Al 02.71 01.97 
 S  17.63 10.80 
Table 2. EDAX element percentage of formed sludge in presence (b) of fluoride ions. 
Element Wt % At % 
 O  49.18 60.90 
 F  00.85 00.89 
 Na 28.71 24.73 
 Al 03.00 02.20 
 S  18.26 11.28 
3.5.2. Powder X-ray diffraction 
The composition of the sludge was studied in two steps, first by X-ray diffraction and then by a trace analysis 
software. Fig 7 shows XRD analysis results of precipitates, in the absence and presence of fluoride ions. With 
comparison of the different peaks, it is possible to remark that, for the second sample, corresponding to the case 
where fluoride ions were present, a very intense peak, at 2θ =15.551° was detected which is the strongest peak. 
Other peaks were also detected at 30.030°, 31.399° and 47.893° respectively. By the use of software, all these peaks 
were identified to belong to hydrated aluminum fluoride hydroxide Al2 ((O H).46 F.54 )6 (H2O ) [19]. Hence, the 
composition of the dried sludge obtained by coagulation process shows the formation of AlnFm(OH)3n-m which is the  
main reason for fluoride removal. 
Fig. 7. X-ray diffractograms of formed sludge in absence (a) and presence (b) of fluoride ions; initial fluoride concentration, 50mg/L; initial pH,6; 
[Al3+],10mM.
3.5.3. Fourier transform infrared spectroscopy (FTIR) 
FTIR analyses were carried out in absence and presence of fluoride, in order to understand changes due to the 
presence of fluoride. From Fig 8, it can be concluded that for most bands, FTIR spectrum did not show significant 
spectroscopic change. 
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 But closer examination reveals a decrease of intensity at the band of  3551 cm-1 corresponding to O-H stretching 
vibration, this decrease is most probably due to the presence of fluoride ions, which suppose that OH- was partially 
replaced by F- ions. These observations are experimentally supported by the rise in pH, in fact final pH for most 
experiments range from 6.10 to 6.50.  
Identical FTIR observations were obtained by Ayoob et al.[20] and Meenakshi et al.[7], when eliminating 
fluoride by alumina Al2O3. This was explained by the fact that hydroxide ions OH- of aluminum hydroxide and 
fluoride ions F- in solution have similar dimensions and thus F- ions may undertake isomorphous exchanges to 
replace OH- ions. From this analysis, it may be confirmed that fluoride was linked to form precipitated aluminum 
hydroxide complexes. 
Thus, we may say from the above characterization results that Al(OH)3 precipitates whom the formation is 
enhanced in these pH conditions (pH 6)  have large surface areas, which are beneficial for a rapid adsorption of 
soluble compounds like fluorides. Hence, the Al(OH)3 floc is believed to adsorb F- strongly, as shown by Eq. (2). 
The sludge characterization results confirmed the adsorption pathway in which the final product is aluminum 
fluoride hydroxide complex AlnFm(OH)3n-m 
Fig. 8. FTIR spectra of formed sludge in absence (a) and presence (b) of fluoride, initial fluoride concentration, 50mg/L; initial pH,6; 
[Al3+],10mM. 
4. Conclusion 
By polishing waste streams from photovoltaic wafers industry using coagulation technique, it is possible to meet 
the permissible levels of fluoride defined by most legislation agencies. 
Solution chemistry greatly affects fluoride removal efficiency. Very low fluoride concentrations are obtained 
with increasing aluminium amount, while a slight removal was observed when iron salt is used. Solution pH plays a 
major role; lowest fluoride concentrations were reached in pH range of 6-7, which confirms that aluminum 
hydroxide is the main responsible of fluoride removal. In addition, residual fluoride is sensitively dependent on the 
fluoride contamination level of wastewater. 
Chloride, sulphate, and nitrate have shown negligible effect on fluoride removal within the tested concentration 
range, while carbonate rich media has an inhibiting effect on fluoride adsorption. 
The X-ray diffraction (XRD) analysis of  the composition of the dried sludge obtained by coagulation process 
shows the formation of AlnFm(OH)3n-m
Furthermore, the analysis of  XRD and FTIR data together with SEM/EDAX and observed pH rise at the end of 
treatment suggest that the adsorption is predominant removal mechanism. 
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